Abstract Plant proteomics has made tremendous contributions in understanding the complex processes of plant biology. Here, its current status in India and Nepal is discussed. Gelbased proteomics is predominantly utilized on crops and noncrops to analyze majorly abiotic (49 %) and biotic (18 %) stress, development (11 %) and post-translational modifications (7 %). Rice is the most explored system (36 %) with major focus on abiotic mainly dehydration (36 %) stress. In spite of expensive proteomics setup and scarcity of trained workforce, output in form of publications is encouraging. To boost plant proteomics in India and Nepal, researchers have discussed ground level issues among themselves and with the International Plant Proteomics Organization (INPPO) to act in priority on concerns like food security. Active collaboration may help in translating this knowledge to fruitful applications. Ground-level issues in agriculture, biodiversity and sustainability
Ground-level issues in agriculture, biodiversity and sustainability
The Green revolution of the sixties led agricultural practices in the Indian subcontinent to improve, and fulfil the everincreasing demand for plant-based foods. This was concomitant with the consumption of large doses of inorganic fertilizers and chemical pesticides to sustain crop productivity. Despite the transformation of India into a "bread basket", a negative aspect of the then generally beneficial model, was the erosion of crop biodiversity through increasing industrialization of agriculture. This also gave rise to other ecological problems, such as decreasing soil fertility, chemical pollution of land and water resources, pesticide poisoning, and pest infestation due to growing pest resistance to pesticides. Agricultural crops or domesticated plants went through cycles of selections depending on needs and important traits. The traits kept changing as per the demands of particular eco-geography and/or demography, while the cycle of selection continued with limited number of genotypes in particular crop species. This practice resulted in a narrow primary or secondary gene pool of crop plants and their related species causing breeding depression, low polymorphism, and allied problems. Therefore, harnessing the available diversity only within crossable genotypes and/or species now limits conventional breeding. In fact, agriculture on the Indian subcontinent is once again at the crossroads. Further development of sustainable solutions will require deeper understanding of traits at molecular level that are critical in exploring and exploiting the existing molecular diversity in native plants. Molecular understanding of fertility barriers would be equally critical to utilize the well characterized, wider germplasm collections readily available for cereal crops.
Managing biotic and abiotic stresses in crop production remains a huge challenge. This is compounded with the perpetually rising numbers of pests and pathogens due to changing climate and pest/pathogen adaptation to chemicals. Harnessing the existing biodiversity in crop plants using their proximate species appears to be a sensible and straightforward approach. However, in reality it is highly complex and needs a deeper understanding of molecules at the transcript, protein and metabolite level. Genomics and transcriptomics approaches are becoming more feasible even in non-model plant systems due to tremendous advancements with invention of cheaper technologies in nucleic acid sequencing. Nonetheless, functional validation at the proteome level (enzymes, structural and regulatory proteins) remains elusive. Functional characterization of proteins with minor variations, in addition to the sophisticated and intricate mechanisms of their regulation and species/genome-wide variation, adds to the complexity and thus to the difficulty of understanding their specific roles.
Addressing the issues and where we are
Over the next 50 years, estimates project the world population to reach 9-12 billion, demanding 34-70 % increase in food production (FAO 2009 (FAO , 2010 . Green Revolution solved the problem of food insecurity during the last critical phase. However, because the principles of environmental sustainability were compromised, the modus of the first Green Revolution is impractical and cannot deliver any further increase in food production.
In order to avoid scarcity and maintain sustainability in agriculture, a combination of traditional and modern approaches, are being implemented. These include expansion of the cultivated land area, increase in cropping intensity (multiple cropping and shorter fallow periods, often through irrigation), zero-tilling, pollution control, and protection of the environment. Organic agriculture is a rapidly growing sector that espouses socio-economically and eco-geographically healthy agriculture. To feed the world sustainably into the future, and keeping in mind the environmental issues, local and global, along with policy and frame-work overhaul, a deeper understanding is required of the fundamental molecular principles that manifest into a healthy plant. According to a recent carbon footprint analysis, the entire food production chain contributes to 20 % of global greenhouse gas emissions. Reducing these greenhouse gas emissions and increasing the long-term storage of carbon in the soil are therefore essential measures to prevent a climate catastrophe.
Genetic engineering is one of the approaches to combat hunger and poverty without disrupting environmental and/or atmospheric factors because it is a powerful approach that allows the use of relevant and beneficial inter-species and even interkingdom genes in plants. At the same time it can provide new plant resources that are able to withstand the changing and adverse environmental conditions affecting yield. However, its use can be recommended only after rigorous deregulation and under strict biosafety conditions to avoid interbreeding of genetically modified organisms with natural organisms.
Different approaches and strategies used to date, including the first Green Revolution, have brought fruitful results towards tackling the sequentially increasing demands for food. Given the impending changes in demography and rise in related problems for food, fodder and fuel under the climate change scenarios, it is time to invent and apply new and faster technologies towards crop improvement. Hence, modern, high-throughput platform technologies are increasingly being applied to obtain information at different molecular levels e.g., RNA transcript, protein and metabolite at the plant systems level (Ehrhardt and Frommer 2012) . Of these technologies, we will discuss here the proteomics technology and its utilization in India and Nepal which is contributing substantially to better understand the plant systems.
Proteomics technology and its applications in plants
Proteomics, as a technology, was conceptualized and defined in terms of studying all proteins by an Australian scientist Marc Wilkins (Wilkins et al. 1995) . Explosive growth of proteomics and its applications in biological sciences triggered discussion on its original definition to have a more inclusive definition of proteomics . Despite all discussions, no comprehensive definition is yet available to bring together all expanding areas of proteomics studies under the proteomics discipline.
Proteomics technology is by and large based on its two major complementary approaches, gel-based and gel-free. There are books Thiellement et al. 2007 ) and reviews (Lambert et al. 2005 ) detailing such approaches, and readers are referred to those for details. Briefly, in gel-based approach, one-or two-dimensional gel electrophoresis (1-D or 2-DGE) is used as a reliable and efficient method for protein separation in combination with MS for protein identification. The gel-based proteomics is difficult to automate -the ultimate objective for any high-throughput method. This was the basic reason behind the development of gel-free approaches. Most gelfree approaches use a bottom-up strategy, where proteins are first digested with a proteolytic enzyme (generally, trypsin) followed by analysis of the complex peptide mixture by usually reversedphase chromatography coupled to an MS/MS instrument. Multidimensional protein identification technology (MudPIT) is one good example of a gel-free approach (Washburn et al. 2001; McDonald and Friedman 2010) . MudPIT is also known as shotgun proteomics approach. Today, various gel-free strategies have been developed to increase proteome coverage. Both approaches have been now optimized for quantitative proteomics (Thelen and Peck 2007) .
Proteomics technology and its approaches have been applied to study most of the plant tissues, organs, and organelles. Its applications are increasing day-by-day. Given the scope of this manuscript, it is not feasible to discuss all applications of proteomics reported already in plants. Nonetheless, the proteomics-based discoveries are now being translated to applications. Definition and some recent examples of translational proteomics research has been elegantly discussed in a recent review (Agrawal et al. 2012a ).
Proteomics status in India and Nepal
Proteomics being a technology-driven/equipment-intensive research area has extensive financial demands towards purchasing and maintaining high-end equipments in good working condition. In addition, highly trained and specialized man-power is also required to handle proteomics equipments, as per the need of research and biological questions. These reasons are among the few supporting the fact that the state-of-the-art proteomics facilities are confined to wellfunded and established laboratories only, mostly in developed countries like USA, Germany, France, Luxembourg, Japan, South Korea, Italy, Switzerland, and Sweden. Financial support for resource and capacity building to cater to the needs of researchers specifically in India is summarized in the following section. Unfortunately, such support is scarce in Nepal.
Funding organizations supporting proteomics research
There are many funding agencies that fund research projects and provide financial support to promote proteomics research and development of necessary infrastructure. In India, such agencies In Nepal, national level funding is extremely limited. National Academy of Science and Technology (NAST) is the only top research organization which funds small-scale research projects. However, the grant money is so meager that it is impossible to conduct proteomics research. International funding is the main source for funding basic and applied research, developing infrastructure and training man-power in Nepal. However, the proximity of Nepal to India and a relative lack of language and cultural barriers portend strong links between the two countries to advance the knowledge of proteomics in Nepal through training of researchers and analysis of samples in India.
In addition to the proteomics facilities listed in Supplementary Table 1, some private companies also offer paid proteomic services. Most of the research groups use one or more of these services for proteomics-based studies. As far as Nepal is concerned, there is no government or private institutions, universities, or colleges that are equipped with proteomics facilities. The only possibility to conduct proteomics-based research is to collaborate with universities and institutes abroad or to utilize the paid services in other countries. Research Laboratory for Biotechnology and Biochemistry (RLABB) in Nepal is a model laboratory, which collaborates abroad to conduct proteomics research.
Research publications on proteomics
Result of the financial boost to plant proteomics has borne fruit, which is reflected in terms of the publications. Several impressive proteome-wide researches to better understand plant biology from accomplished and ongoing research works are summarized in Table 1 as per the PubMed search engine (http://www.ncbi.nlm.nih.gov/pubmed/) at the time of writing (as of April 2013). Based on the data in Supplementary Table 2, many research groups (~20 laboratories) in India are actively working in plant proteomics (Fig. 1, Supplementary Table 2 ). Unlike India, situation in Nepal is dramatically different mainly due to lack of infrastructure, trained human resource, awareness, and funding. RLABB is the only research organization, which is actively involved in plant proteomics research since 1999 (Rakwal et al. 1999) . RLABB is a non-profit private research laboratory with main objective to address issues related to food security, safety, and human health in Nepal. Plant proteomics research led by Dr. Ganesh Kumar Agrawal (Associate Director of RLABB) has been very fruitful in understanding the biology of crop plants. Dr. Agrawal's efforts in the plant proteomics have resulted in several publications (Table 1) in association with foreign research groups highlighting the importance of active collaboration.
There has been a spurt of activities in plant proteomics research and publications over the past few years (Fig. 2) . Major research areas of the plant proteomics scientific community in India and Nepal are biotic and abiotic stresses, plant-pathogen interactions, disease resistance, and growth and development (Fig. 3 , Table 1 ). Proteome-based studies on Arabidopsis, as a model plant, have provided an impetus to work on other plant systems of economic importance including crop and medicinal plants. Rice, brassica, wheat, chickpea, sugarcane, etc. have been used largely to elucidate physiological processes at the molecular level (Fig. 3) .
Summary of the research work carried out in India and Nepal
Abiotic stress Dehydration stress Dehydration is one of the most important abiotic stresses, which impairs almost all physiological processes and greatly influences the geographical distribution of many crop species. For analysis of dehydration stress, proteomes of the extracellular matrix (ECM) and nucleus have been analyzed in rice (Pandey et al. 2010 ) and chickpea .
For analyzing the effect of dehydration stress, a total of 8 varieties of the chickpea were compared for their dehydration stress tolerance. Analysis of relative water content, proline content, lipid peroxidation, relative ion leakage and photosynthetic pigments from 24-92 h of dehydration showed that the JG-62 variety is relatively more dehydration tolerant than others. ECM proteome analysis of JG-62 revealed 186 proteins, out of which 134 were identified. In case of rice, 2D gel profile of ECM proteins revealed 192 differentially modulated spots. Functional categorization of these proteins revealed their involvement in a variety of functions, including carbohydrate metabolism, cell defense and rescue, cell wall modification, cell signaling, and molecular chaperones. A comparison of the drought stress induced differentially modulated targets in rice, chickpea, and maize led to the identification of some of the common targets including chitinase, glyoxalase 1, superoxide dismutase (SOD), thioredoxin, and ascorbate peroxidase (APX) suggesting their pivotal roles in providing dehydration stress tolerance.
Analysis of nuclear proteome of rice and chickpea during dehydration stress showed differential expression of the proteins involved in transcriptional regulation and chromatin remodeling, signaling and gene regulation, cell defense and rescue, and protein degradation. Furthermore a comparison between the dehydration responsive nuclear proteome of rice and chickpea, showed some of the common proteins including receptor-like protein kinase, WRKY DNA binding domain-containing protein, and probable SOD (Cu-Zn) precursor. However, most of the dehydration responsive proteins were plant specific suggesting an evolutionary divergence in dehydration response in different plants.
In addition, effect of dehydration stress was also analyzed in the roots of Vigna radiata (Sengupta et al. 2011 ) and leaves of cotton (Deeba et al. 2012) . Effect of dehydration stress on root proteome of V. radiata was analyzed after 3 and 6 days of dehydration stress as well as 6 days after rewatering. Estimation of the relative water content (RWC) showed a decline from 78 % in control to 66 and 56 % in 3 and 6 days after stress, respectively. In the recovery experiment, RWC increased to 70 % suggesting roots were able to recover after drought stress. Analysis of several other photosynthetic gas exchange parameters including photosynthetic rate, stomatal conductance, transpiration rate, and internal CO 2 showed a gradual decrease from control to 3 and 6 days after stress and their recovery after re-watering. In addition, primary root growth inhibition and induction of lateral roots abscission was also observed during drought stress. More than 500 spots were reproducibly detected in the root proteome of V. radiata out of which 34 spots showing differential abundances were identified by MALDI-TOF-MS. Glycoproteins like lectins and oxidative stressrelated proteins were upregulated while cytoskeletal related proteins showed downregulation after 3 days but their expression was regained after 6 days of stress. In cotton leaves, a similar decrease in gas-exchange parameters of net photosynthesis, stomatal conductance, effective transpiration, quantum yield of PSII, and electron transport rates was also observed. In addition, increased level of hydrogen peroxide (H 2 O 2 ) and malondialdehyde (MDA) was also seen indicating higher oxidative damage during drought stress. Proteome analysis of control and stressed leaves showed 22 differentially modulated protein involved in photosynthesis, metabolism, lipid biosynthesis, and reactive oxygen species (ROS) metabolism.
Salinity stress Effect of salt stress was investigated in Porteresia coarctata (Sengupta and Majumder 2009) and Setaria italica (Veeranagamallaiah et al. 2008) . P. coarctata is a halophytic rice that is relatively more salt tolerant than domesticated rice (Oryza sativa). A comparison between P. coarctata and O. sativa showed lesser accumulation of sodium ion and conservation RCW in P. coarctata during salinity stress. Proteomic analysis of IR64 and Pokkali varieties of rice showed~1,088 and~1,076 spots, which decreased to~482 and~654 after 200 mM of salt (NaCl) treatment. In case of P. coarctata,~700 spots were detected in the control, and the protein loss after salt stress was not as severe as observed in other rice varieties. At 200 mM salt treatment, 40 % of the proteins did not change, 39 % were downregulated, and 13 % showed increased abundance. Identification of these proteins showed their major involvement in photosynthesis. In case of S. italic (foxtail millet),~175 spots were reproducibly detected in the 2D gel of whole seedling proteome out of which 34 spots showed altered abundance after 100, 150 or 200 mM of salt stress. Identification of 29 differentially modulated proteins showed their major involvement in photosynthesis, signal transduction, cell wall biogenesis, stress-related, and metabolism.
Low temperature stress For analyzing the effect of low temperature (LT) stress, the apoplast proteome/secretome of Hippophae rhamnoides, a cold hardy shrub, was analyzed. Extracellular proteins, isolated from cold acclimated and sub-zero acclimated seedlings, were resolved on 2-DGE. Approximately 255 spots were reproducible detected in the 2-D gels out of which 61 were differentially modulated in one or more LT treatments. Identification of 34 LT-induced spots showed their involvement in signaling, defense, and redox regulation. LT induced the activities of SOD and chitinase to 1.5 and 4 fold respectively, suggesting their significant roles in LT stress tolerance. In addition, increased abundances of calmodulin 1, calcium dependent protein kinase 23, and GTPase activating protein suggests activation of calcium and G-protein signalling during cold stress. Besides, accumulation of antifreeze proteins (AFPs) in the secretome during cold and sub-zero acclimation was also observed. AFPs are a class of polypeptides that bind to and inhibit the growth of ice crystals, thereby minimizing the freezing stress-induced damage. A polygalacturonase inhibitor protein showing antifreeze activity was purified by ice adsorption chromatography (Gupta and Deswal 2012) . These AFPs are further being analyzed for their biotechnological applications.
Ozone stress Effect of elevated ozone (O 3 ) was studied on two high-yielding cultivars of tropical wheat (Sarkar et al. 2010) . Exposure to elevated O 3 resulted in foliar injury in both the cultivars (Sonalika and HUW 510). In addition, elevated O 3 caused decreased photosynthetic rate, stomatal conductance, and chlorophyll fluorescence kinetics (Fv/Fm) in test cultivars. Biochemical characterization further showed decrease in photosynthetic pigments and induction in antioxidant system ROS detoxifying enzymes. Degradation of both the subunits of ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO), decreased abundance of energy metabolism-related proteins and induction of stress/defenserelated proteins was observed by elevated O 3 .
Heavy metal stress Effect of heavy metals, copper and arsenic, was analyzed in transgenic Arabidopsis overexpressing the SOD gene from Potentilla atrosanguinea (PaSOD) (Gill et al. 2012) and Anabaena sp. PCC7120 , respectively. Copper stress resulted in altered abundances of 39 spots, identification of which showed their major involvement in oxidative stress, detoxification, germination, intermediary metabolism and regulation. In case of arsenic stress, a decrease in growth, carbon fixation, nitrogenase activity and chlorophyll content was observed in Anabaena after 1 day and recovery after 15 days of treatment. Proteome analysis of control and 1 and 15 days arsenic exposed Anabaena showed 45 differentially modulated proteins. Interestingly, enzymes related to glycolysis, pentose phosphate pathway, and Calvin cycle were downregulated under stress conditions, but recovered during recovery experiments. In addition, upregulation of ROS-detoxifying enzymes like catalase, peroxiredoxin, thioredoxin, and oxidoreducates was also observed during arsenic stress suggesting their pivotal roles in overcoming the heavy metal-induced stress.
Biotic stress
Proteomics based plant-pathogen interactions studies have provided insight into combating plant diseases by exploiting identified target proteins to engineer plants resistant to pathogens. One such study investigated the effect of Alternaria alternata infection on mint leaves (Sinha and Chattopadhyay 2011) . Total proteins were isolated from control and infected leaves and resolved by 2-DGE. A total of 210 spots were detected in colloidal coomassie brilliant blue stained gels out of which 67 spots showed altered abundances. MS based identification of 45 differentially modulated spots showed their major association with energy and metabolism, stress and defense, cell structure, signal transduction, protein synthesis and turnover. A recently published study examined the effect of A. alternata on transgenic mint overexpressing the tomato γ-glutamyl-cysteine synthetase (Leγ-ECS) gene. γ-ECS gene encodes a rate limiting enzyme in glutathione biosynthesis that is involved in detoxification of ROS and reactive nitrogen species (Sinha et al. 2013) . A comparison of the proteomes of wild-type and transgenic mint, infected with A. alternata and their respective controls showed a total of 250 and 500 spots, respectively. Interestingly, accumulation of PR-1 like protein and disease resistance protein was observed during infection with A. alternata, suggesting their roles in biotic stress tolerance.
The proteomics of salicylic acid (SA) induced resistance to Mungbean Yellow Mosaic India Virus (MYMIV) in Vigna mungo has also been the focus of study (Kundu et al. 2011) . Plants treated with 100 μM SA showed no visible symptoms of infection while control plants showed characteristic yellow mosaic symptoms when infected with MYMIV, suggesting the SA treatment prior to viral inoculation may be involved in providing resistance to MYMIV. In addition, an increase in chlorophyll, total proteins, phenolics, and H 2 O 2 was observed in the plants treated with SA. 2D gels of control and SA-treated leaves showed approximately 350 spots out of which 50 spots showed increased abundance after 72 h of SA treatment. Identification of 29 upregulated spots revealed their involvement in stress responses, metabolism, photosynthesis, transport, and signal transduction (Kundu et al. 2011) .
Rice secretome was investigated to analyze the riceMagnaporthe oryzae interaction (Kim et al. 2013a ). Analysis of in vivo secreted proteins of rice leaves infected with incompatible (KJ401) and compatible (KJ301) TOF-MS and/or nESI-LC-MS/MS identification of these secretory proteins showed that rice proteins were mainly involved in stress response, ROS, and energy metabolism, while M. oryzae proteins were associated with metabolism and cell wall hydrolyses.
Growth and development
Nutritive development of crops such as potato has been studied through proteome analysis. Proteome analysis of potato tuberization showed induction of ROS detoxifying enzymes such as SOD, APX, and catalase, suggesting their possible role in tuber formation (Agrawal et al. 2008b ). In addition to potato tuberization, changes in Podophyllum hexandrum cell proteome potentially related to podophyllotoxin (PTOX) accumulation in response to methyl jasmonate (MeJA) elicitation has been investigated (Bhattacharayya et al. 2012) . PTOX is derived from the phenolpropanoid pathway and is the precursor for cancer therapeutics like etoposide, teniposide, and etophos. Elicitation of P. hexandrum cells with 100 μM MeJA resulted in 7-8 fold higher accumulation of PTOX. Proteome analysis of elicited and control cells showed modulation of enzymes involved in phenylpropanoid and monolignol pathway including chalcone synthase, polyphenol oxidase, caffeoyl CoA 3-O-methyltransferase, S-adenosyl-L-methionine-dependent methyltransferases, caffeic acid-O-methyl transferase, etc. Besides, the proteomes of P. hexandrum and Aconitum heterophyllum seeds were also analyzed to identify proteins involved in seed germination (Dogra et al. 2013; Rana and Sreenivasulu 2013) . Comparative analysis of 2D gels of dormant and germinating Podophyllum seeds showed 113 differentially modulated proteins involved in metabolism, abscisic acid (ABA) and/or gibberellic acid (GA) signaling, and stress. Data from MS/MS and RT-PCR showed upregulation of β-1,3-glucanase and xyloglucan endotransglycosylase. Activities of these enzymes weaken the thick walled micropylar endosperm, which may cause radicle emergence from the seeds.
The sugarcane stalk proteome was a novel study that developed a protein extraction procedure from the stalk tissues from which proteins are difficult to isolate due to presence of high levels of oxidative enzymes, phenolic compounds, and carbohydrates (Amalraj et al. 2010) . Out of five different methods tried, phenol extraction method followed by 2-D cleanup kit showed the best results. 2D gel of proteins extracted by phenol method and phenol method in combination with 2-D cleanup kit showed 390 and 445 spots, respectively. Identification of 36 non-redundant proteins showed that sugarcane stalk proteins are mainly involved in sugar metabolism (20 %), nucleic acid metabolism (13.33 %), protein metabolism, cell growth and development (10 %), structure and defense (6.67 %), and secondary metabolism (6.67 %), while about 16.67 % proteins were unknown or uncharacterized (Amalraj et al. 2010 ).
Methods were also optimized to remove the RuBisCO, major leaf protein, which interferes with the deep analysis of the leaf proteome, using a novel protamine sulfate (PS) precipitation (Kim et al. 2013b) . Results from western blotting and 1-DGE showed that 0.1 % (w/v) PS was sufficient to precipitate both the subunits of RuBisCO. This method of RuBisCO depletion was simple, fast, and economical. In addition, this method is applicable to both dicot and monocot plants and is suitable for down-stream proteomics analysis.
Spectral counting based quantitative proteomic analysis of plastids from developing embryos and leaves of Brassica napus showed that plastids from leaves were rich in light reaction proteins while Calvin cycle enzymes were more prominent in plastids isolated from developing embryo (Demartini et al. 2011) . Interestingly, enzymes related to de novo fatty acid and amino acid biosynthesis were detected in embryoplasts but not in chloroplasts.
Post-translational modifications
Analysis of S-nitrosylation (a NO based PTM) has been done in Brassica juncea (Abat and Deswal 2009) and Kalanchoe pinnata (Abat et al. 2008 ). In addition, the phosphoproteome of Brassica napus has also been analyzed during seed filling (Agarwal and Thelen 2006) . S-nitrosylation analysis in Kalanchoe pinnata resulted in identification of some novel targets including kinesin-like protein, glycolate oxidase, putative UDP glucose 4-epimerase and putative DNA topoisomerase II. Interestingly, equivalent inhibition of RuBisCO was shown by S-nitrosoglutathione and cold stress which was reversed by DTT/GSH, suggesting RuBisCO inactivation by S-nitrosylation (Abat et al. 2008) in B. juncea. LT stress induced RuBisCO inhibition (~40 %) (Abat and Deswal 2009) might explain the LT induced productivity loss to some extent. Analysis of the phosphoproteome of developing rapeseed revealed proteins mainly associated with energy (25.7 %), metabolism (18.6 %), protein destination (12.9 %), signaling (11.4 %) and defense (8.6 %). To further validate phosphorylation of the identified proteins, phosphorylation sites of 16 non-redundant proteins including 14-3-3 and annexin were mapped by LC-MS/MS. This was the first quantitative large scale phosphoproteome analysis in plants .
Others
The Arachis hypogaea stem lectin (SL-I) isoform variants and its tryptic digested peptides have been analyzed by MALDI-TOF-MS. Results showed that the SL-I of peanut is an isoform of glucose/mannose binding lectin. Further characterization of SL-I using 2-DE-MS in combination with western blotting showed presence of its six isoforms in peanut .
Efforts have also been made to analyze the mango leaf proteome. For proteome analysis, both gel-based and gelfree approaches led to the identification of 1,001 peptides which correspond to 538 proteins. This study is the first high-throughput analysis of mango leaf proteome (Renuse et al. 2012) .
The above mentioned research and the list of publications clearly emphasize that plant proteomics scientific community of the Indian sub-continent is growing at a fast pace and with a noticeable contribution at the global stage. In above reported publications, the gel-based proteomics approaches (1-DGE and/or 2-DGE) coupled with various MS instruments (i.e., MALDI-TOF, MALDI-TOF/TOF, and LC-MS/MS) have primarily been utilized to establish proteomes and address the biological questions. Shotgun proteomics approaches (i.e., MudPIT) and enrichment techniques are yet to be fully utilized for comprehensive proteome investigation.
Proteomics research is majorly focused on biotic and abiotic stress, development of protein extraction procedures from the recalcitrant plants/tissues and analysis of post-translational modifications. Results from different studies showed that biotic and abiotic stress conditions results in decreased photosynthesis rate, stomatal conductance, carbon fixation and chlorophyll content, suggesting overall decrease in the photosynthesis. In addition, increased abundances of ROSdetoxifying enzymes and defense associated enzymes during stress conditions revealed their major involvement in stress tolerance. These results suggest that plants divert their energy from normal growth and photosynthesis to defense and redox regulation during stress conditions, leading to tolerance to the particular stress. In addition, protein extraction procedures from sugarcane stalk and seabuckthorn seedlings are also optimized to get good quality protein with negligible contamination. Development of proteome database of mango leaf is a noteworthy contribution (Fig. 4) . Besides these research publications, recent advances on plant proteome research have been published as reviews to present the current scenario of this newly emerging area of plant science (Hakeem et al. 2012b; Agrawal et al. 2013; Sehrawat et al. 2013; Narula et al. 2013) .
Challenges ahead for plant proteomics research
Studying proteomes is not straightforward as one may imagine. This is due to some limitations associated with proteomics technology, dynamic proteome, and huge diversity in plant species. Besides, the plant science research community is not fully aware of the power and benefits of the proteomics technology and application, at least in the developing countries. On the other hand, how proteins perform their functions is a continuously and of late, a rapidly evolving research area. This limits the vision on innovations in proteomics that would allow a comprehensive listing of proteins used/needed by a plant or its parts, to survive under normal or aberrant environmental situations. This in turn limits a full-fledged understanding of the interaction networks that may allow addressing broader issues of crop productivity and yield gaps or barriers holistically. Indeed, another major limitation is to have easy access to proteomics facilities or to share the existing proteomics facilities under certain guidelines or understandings. Even under situations where raw data can be obtained through outsourced services; there is a critical dearth of trained personnel who can, not just interpret the data in terms of categories and bins, but also diligently make biological sense of it. Hence, there are a number of challenges ahead as discussed below.
The proteome coverage is one major limitation. It is still not feasible to study proteins on a scale equivalent to that of the nucleic acids. We take a look at the most common technical issues affecting plant proteomics research. For example, the analysis of low-abundance proteins (LAPs) remains a major challenge due to the unavailability of any technique equivalent to PCR for proteins. The abundant proteins usually mask the detection of LAPs of equal importance. Best examples of LAPs are, but not limited to, transcription factors, protein kinases, and other regulatory proteins. Pre-fractionation of a complex protein is one strategy to enrich LAPs. Another strategy is to use affinity approach to enrich rare or desired class of proteins. Recent development in this area is the use of combinatorial peptide ligand libraries (CPLL), which has been used to detect LAPs from a variety of biological samples (Righetti et al. 2006 (Righetti et al. , 2011 , including plants (Frohlich et al. 2012) .
Development of plant specific proteomics protocols is another major challenge. Proteins are dynamic molecules and no one method can be suitably utilized for extraction and analysis due to vast differences in their abundance. Since these proteins are functional molecules, the half-life varies significantly among the different proteins. Tissue-specific expression and differences in plants contributes to difficulty in applying and/or developing universal protocols for protein extraction. Unavailability of efficient protocols for protein extraction, like those available for animal tissues, has resulted in limited exploration of plant proteomes.
Although a number of successful strategies have been developed to overcome these issues, including MS-compatible extraction procedures designed for plant tissues, reproducibility of these methods in other plants is always questionable (Heazlewood 2011) . The major challenge in plant proteomics is the inability to measure the entire proteome. It is often important to obtain a relatively pure (about 95-99 %) and saturated proteome to obtain meaningful biological results, to address specific questions, and to enhance dynamic resolution. In spite of the significant advances to the MS technologies, accomplishment of a saturated proteome and the number of proteins that can be reproducibly identified from a single sample is limited.
The ability to deliver large-scale protein quantification that permits comparative proteomics studies is a fundamental challenge for proteomics. Only a comprehensive proteome comparison would enable the examination of global protein changes during processes such as plant development or stress responses, and provide a robust biological application to the technology (Van Wijk 2001; Cánovas et al. 2004) . Current proteomic technologies need genomic information for identification of proteins. Relatively large number of genes present in plant systems offers functional diversity, however, poses problems for correct identification of proteins.
In addition to these few technical challenges mentioned above, certain other bigger questions also need to be addressed by the plant research community. For example: (i) how plant proteomics research groups take the challenges in a united way to prioritize and address these; (ii) how to openly share the proteomics information or make it easily available; (iii) how to have an integrated plant proteomics database or develop one; and maybe most importantly (iv) how to bring awareness about proteomics and its applications.
One major step taken in addressing some of the issues outlined above is the establishment of the International Plant Proteomics Organization (INPPO). This organization initiated the process of a collective vision on how to overcome the technical and other stumbling blocks in the way of plant proteomics, especially in relation to facilitating cutting edge proteomics on the subcontinent (Agrawal et al. 2011a ). Achievements of INPPO in a short period of its activities were recently highlighted (Agrawal et al. 2012b ).
Establishment of INPPO-India-Nepal plant proteomics chapter and the work ahead INPPO (www.inppo.com) was formally founded in 2011, with a key aim towards having a shared global platform for the plant proteomics community (for details, see INPPO history at http:// www.inppo.com/inppohistory.jsp). A total of 10 initiatives of INPPO were outlined (see INPPO viewpoint paper, Agrawal et al. 2011a . Besides the objectives detailed in As expected, the advent of INPPO has stimulated interaction between researchers at both personal and professional levels, locally and globally. Moreover, one of the major objectives of INPPO is to highlight national plant proteomics issues via common regional platforms. In November 2011, one scientist (Associate Professor Renu Deswal, Department of Botany, University of Delhi) from India attended a proteomics conference The establishment of INPPC is a step towards the goal of networking plant proteomics researchers at the national and regional levels. It would lead the way for INPPO's vision to bring together all plant proteomers and plant biologists, in general, to a common platform to discuss the urgent and expedient problems in refining the proteomics technologies to the betterment of plant and agricultural sciences thus positively impacting food and livelihood generation.
An important element of INPPC is to encourage and mentor the younger plant biologists especially through their direct involvement in running the affairs of INPPC, so that they are well networked for technical, scientific and career guidance, with senior members who could even provide research opportunities to deserving candidate from among the young pool of members. Equally, the senior members will be cognizant of their commitment to render support.
The proposed objectives (http://www.inppo.com/indo nepalobjective.jsp) and future strategies (http://www.inppo. com/indonepalobjective.jsp) of INPPC are detailed in Fig. 5 . INPPC envisaged national level/nation-wide coordinated projects funded by national and international funding agencies under INPPO umbrella. The creation of national plant proteomics hub in proper coordination with INPPO GATOR was envisioned. Chapter meetings and national-level conferences organized every 2 years by INPPC at different locations of the two countries hope to attract the interest and momentum of younger generation. INPPC also envisaged conducting national workshops, generating scholarships, and funding options for young researchers to attend these workshops. Last but not the least, promoting the utilization of plant proteomics techniques for finding sustainable solutions for nation-wide major thrust areas such as food security, biosafety and biodiversity, etc., will remain an overriding concern of INPPC as well as INPPO.
